Aims/hypothesis Glucose-lowering therapy with dipeptidyl peptidase-4 (DPP-4) inhibitors is associated with a low risk of hypoglycaemia. We hypothesise that DPP-4 inhibition prevents hypoglycaemia via increased glucagon counterregulation through the incretin hormone glucose-dependent insulinotropic polypeptide (GIP). Methods Using a hyperinsulinaemic-hypoglycaemic clamp that targeted 2.5 mmol/l we examined the effects of the DPP-4 inhibitor vildagliptin and GIP infusion on steady state glucose infusion rate (GIR) and glucagon counterregulation in mice. Following up on this, we performed a hyperinsulinaemichypoglycaemic clamp in mice carrying a genetic deletion of the GIP receptor (GIPR −/− mice) or the glucagon receptor (GCGR −/− mice). Results GIR was reduced by 89.0±3.1% (p=7.0×10 ) by vildagliptin and by 38.8±12.6% (p=0.040) by GIP in wildtype (wt) mice, whereas GIR was increased both in GIPR ) compared with wt. By contrast, neither vildagliptin nor GIP had any effect on GIR in GCGR −/− mice.
Introduction
Glucose-lowering therapy in both type 1 and type 2 diabetes is commonly associated with hypoglycaemic events [1, 2] . This is not only unpleasant and potentially dangerous but also lowers both adherence to therapy and quality of life, and is associated with long-term complications [3] [4] [5] [6] . Therefore, it is important to develop glucose-lowering strategies that lack the risk of hypoglycaemia, such as those that support the physiological hypoglycaemic defence mechanisms.
Endogenous hypoglycaemic defence is based on a series of counterregulatory mechanisms. Initially, suppressed insulin secretion is followed, as blood glucose decreases further, by the release of counterregulatory factors aimed at stimulating liver glycogenolysis and subsequent liver glucose release to restore circulating glucose [7] [8] [9] . Glucagon is a key counterregulatory factor since it is released during hypoglycaemia and stimulates liver glucose release [9] . The importance of supporting this glucagon counterregulatory mechanism is underlined by the compromised glucagon response to hypoglycaemia that often exists in type 1 and type 2 diabetes [10] [11] [12] .
Dipeptidyl peptidase-4 (DPP-4) inhibition is a glucoselowering strategy that carries a low risk of hypoglycaemia [13, 14] , to which sustained glucagon counterregulation to hypoglycaemia may contribute, as recently suggested [15, 16] . In fact, we have previously shown that DPP-4 inhibition improves the responsiveness of the alpha cell to hypoglycaemia [16] , resulting in stimulation of glucagon secretion during hypoglycaemia. Increased glucose sensitivity in alpha cells at low glucose with augmented glucagon counterregulation in hypoglycaemia might be achieved by the incretin hormone glucose-dependent insulinotropic polypeptide (GIP), as GIP has been shown to potentiate glucagon secretion at hypoglycaemic levels in healthy men [17] . Since DPP-4 inhibition prevents the inactivation of GIP and thereby raises the circulating level of active GIP, as has been reported in the mouse and in multiple other species [18] [19] [20] [21] [22] [23] , this incretin ho rmone may m ediate prote ction from hypoglycaemia during DPP-4 inhibition. However, whether or not DPP-4 inhibition actually limits hypoglycaemia via a GIP-glucagon counterregulatory axis is still not known.
The aim of this study was, therefore, to investigate the concept that DDP-4 inhibition protects from hypoglycaemia and to elucidate the mechanisms. We thus explored the hyperinsulinaemic-hypoglycaemic clamp in mice treated with the DPP-4 inhibitor vildagliptin infused with GIP or genetically deleted for the GIP receptor (GIPR) or the glucagon receptor (GCGR). We hypothesised that increased levels of circulating active GIP by DPP-4 inhibition contribute to the low risk of hypoglycaemia by protecting against hypoglycaemia through stimulation of glucagon secretion.
Methods
Animal housing C57BL/6J mice were obtained from Taconic (Skensved, Denmark) and were housed on arrival in a room with a 12 h light-dark cycle at 22°. A standard research diet R34 (Lantmännen, Stockholm, Sweden) and water was provided ad libitum. All experimental procedures were performed in agreement with the Animal Ethics Committee in Lund, Sweden (Approval number 14 331-12:1).
Hyperinsulinaemic clamp Mice were anaesthetised using an intraperitoneal injection of midazolam (18 mg/kg animal, Dormicum, Hoffman-La Roche, Basel, Switzerland) and fluanisone/fentanyl (41/9 mg/kg animal respectively, Hypnorm, Janssen, Beerse, Belgium). Surgery and clamp experiments were performed as previously described [24] with the protocol modification of returning of erythrocytes as previously described [25] . Briefly, the right jugular vein and the left carotid artery were catheterised using catheters filled with heparinised saline (100 U/ml). The venous catheter was used for infusion while blood samples were obtained through the arterial catheter. The mice remained anaesthetised to reduce variations in the blood glucose concentrations due to stress. Following baseline sampling, synthetic human insulin (Actrapid, Novo Nordisk, Bagsvaerd, Denmark) was infused as a continuous infusion (15 mU kg animal
) at a pace of 2 μl/min for 90 min. Blood glucose in~5 μl whole blood was determined every 10 min with an Accu-Chek Aviva blood glucose monitor (Hoffman-LaRoche) and the arterial catheter was flushed with heparinised saline (100 U/ml) following each sampling. A variable amount of glucose solution was infused to maintain blood glucose levels at 2.5 mmol/l. A 10% glucose solution was used for all experiments except those in GCGR −/− mice where a 20% glucose solution was used due to the greater glucose requirements of this strain. Glucose requirement to maintain target glucose was represented by the glucose infusion rate (GIR) during the final 30 min of the steady state of the clamp.
Meal and drug administration For mice treated with vildagliptin (10 mg/kg animal; Novartis, Basel, Switzerland), the drug was administered in a 60/20/20E% glucose/protein/lipid mixed meal solution as previously described [26] as a 200 μl gavage 45 min prior to the clamp under isolfluorane inhalation.
GIP infusion When performing the clamp with GIP infusion the animals were first primed with 500 pmol/kg of porcine GIP (Bachem, Bubendorf, Switzerland) following sampling of the baseline time point. From this time point and for the duration of the experiment the animals were continuously infused with porcine GIP at a rate of 50 pmol kg animal
, as previously used in rodents [27] through the jugular vein catheter.
Generation of knockout mice Generation of the GIPR
−/− mice used in these experiments has been described previously [28] . In our hands, GIPR −/− mice were generated on a C57BL/6J
background by backcrossing of double incretin receptor knockout (DIRKO) mice [29] with C57BL/6J wild-type (wt) followed by F1 crossing. The generation of GCGR −/− mice used in these experiments has been described previously [30] . 
Results

DPP-4 inhibition increases active GIP and protects from hypoglycaemia
We initially examined whether the DPP-4-inhibitor vildagliptin counteracts insulin-induced hypoglycaemia in anaesthetised female C57BL/6J mice. Vildagliptin-and placebo-treated mice were, therefore, subjected to a hyperinsulinaemic-hypoglycaemic clamp at 2.5 mmol/l of blood glucose (Fig. 1a) by infusing variable amounts of glucose together with the continuous insulin infusion (Fig. 1b) . It was found that GIR was lowered by 89.0± 3.1% in mice given vildagliptin compared with control mice (3.9 ± 1.1 vs 35.1 ± 3.1 μmol kg
[ Fig. 1c] ). This result implies that DPP-4 inhibition strongly protects from insulin-induced hypoglycaemia.
To examine the dynamics of intact GIP during a hypoglycaemic clamp at 2.5 mmol/l following ingestion of a mixed meal with or without DPP-4 inhibitor vildagliptin, levels of intact GIP (GIP ) were measured during the clamp. Meal ingestion increased plasma levels of intact GIP 45-fold in the group treated with vildagliptin compared with sixfold in control (data not shown). Levels of intact GIP during clamp showed no effect of insulin-induced hypoglycaemia on GIP dynamics in either group (Fig. 1d) ; however, there was a sevenfold increase in the level of intact GIP in the vildagliptin group compared with controls at the start of the clamp experiment (413±34.9 vs 56.8±6.3 pmol/l; p=1.35× 10 −5 [ Fig. 1d] ). Furthermore, the levels of intact GIP remained significantly higher (four-to eightfold; p<0.01) for the duration of the clamp. Next, we measured glucagon levels during the clamp. Glucagon was significantly increased compared with baseline by insulin-induced hypoglycaemia in both groups during the clamp period (60 and 90 min [ Fig. 1e] ). In addition, we found Fig. 1f]) .
Blood glucose at 25 min after the gavage differed significantly between the group treated with vildagliptin and wt controls (7.3±0.7 vs 9.3±0.3 mmol/l; p=0.019). To confirm that the treatment itself did not affect endogenous insulin release, which should be suppressed by hypoglycaemia, we measured insulin at baseline and during clamp and this did not differ between groups (Table 1) .
Glucagon in hypoglycaemic counterregulation
We examined the importance of glucagon for the glucose counterregulation to hypoglycaemia in mice by using male and female GCGR knockout mice (GCGR ; p=0.0045 in females [ Fig. 2c, f]) , showing impaired hypoglycaemic defence in these animals. This finding shows the importance of glucagon for glucose counterregulation in mice. There was no significant different between sexes in the GIR during clamp of GCGR −/− animals (p>0.05).
To further explore whether or not the protective effect of vildagliptin on hypoglycaemia is glucagon dependent, female GCGR −/− mice were subjected to a hypoglycaemic clamp after being given a mixed meal with or without vildagliptin (Fig. 3a) . Despite the marked reduction in GIR by vildagliptin in wt animals ( Fig. 1) , its effects were ablated in the absence of the glucagon receptor (Fig. 3b, c) since GIR was not significantly affected by vildagliptin in GCPR −/− mice. Blood glucose at 25 min after the gavage did not differ significantly between GCGR −/− animals treated with vildagliptin and controls (4.2±0.6 vs 4.5±0.4 mmol/l; p=0.645), and neither did insulin levels at baseline or during clamp (Table 1) .
GIPR −/− mice are more vulnerable to hypoglycaemia Next, we explored whether or not the GIP-glucagon axis explains the protective action of DPP-4 inhibition on hypoglycaemia.
The rationale for this approach was that GIP stimulates glucagon secretion at low glucose levels [17] , that DPP-4 inhibition elevates levels of the active form of GIP [18] [19] [20] [21] [22] [23] and that glucagon is a counterregulatory hormone [7, 9] . We thus explored the hyperinsulinaemic-hypoglycaemic clamp in GIPR −/− mice. We found that blood glucose levels
were significantly lower at baseline in male GIPR ; p=0.017 [ Fig. 4c]) . Hence, GIPR −/− mice are more sensitive to hypoglycaemia than their wt littermates.
GIP infusion protects from hypoglycaemia and augments glucagon secretion To further explore the protective mechanisms of a GIP-glucagon axis on hypoglycaemia, we co- (Fig. 5a ). This resulted in a higher glucose requirement in animals infused with saline than GIP (Fig. 5b) , which was reflected by a significantly higher GIR during clamp in saline-infused animals compared with GIP infused animals (38.2±4.7 vs 23.4±4.8 μmol kg Fig. 5c]) ; GIP thus reduced GIR by 38.8±12.6% compared with saline. This effect on GIR by GIP was similar to that of vildagliptin but did not fully match the amount of glucose infused in that vildagliptin was associated with a significantly higher reduction in GIR (89.0±3.1% compared with GIP infusion; p=0.0030).
Having established that GIP may contribute to the protective effect of DPP-4 inhibition on hypoglycaemia we explored whether or not this could be mediated by sustained glucagon counterregulation. We, therefore, measured glucagon levels at 0, 30, 60 and 90 min of the clamp in animals infused with GIP. Plasma glucagon levels measured during the clamp in control animals vs animals infused with GIP were 4.1±1.4 vs 8.6± 3.0 pmol/l ( p = 0.197) and 6.1 ± 2.0 vs 12.0 ± 4.3 pmol/l (p=0.232) at 60 and 90 min, respectively (Fig. 5d ). This trend of higher glucagon levels by GIP infusion during hypoglycaemia did not reach significance. However, the glucagon response, expressed as fold change over 0 min, was already significantly increased from baseline in both saline and GIP infused animals at 30 min ( p=0.03 and p=0.01, respectively), and was higher still at 60 and 90 min in both groups ( p<0.05 and p<0.01, respectively compared with 0 min). The glucagon response as fold change in glucagon over baseline differed significantly between groups at 60 min ( p=0.031 [ Fig. 5f]) . Insulin levels at baseline and during clamp were not affected by GIP infusion and did not differ between groups (Table 1) .
GIP infusion protection from hypoglycaemia is absent in GCGR
−/− mice To further highlight the importance of glucagon in the protective mechanism of GIP on insulin-induced hypoglycaemia, GCGR −/− mice were infused with GIP during a hyperinsulinaemic-hypoglycaemic clamp at 2.5 mmol/l of blood glucose (Fig. 6a) . As previously shown, GCGR −/− mice needed greater glucose infusion than wt animals ( Fig. 2 ) but in the GCGR −/− animals, there was no difference in glucose infusion requirements between those infused with saline and GIP (Fig. 6b) . This resulted in similar levels of GIR in both groups (Fig. 6c) . Hence, GCGR deletion removes the protective effect of GIP on hypoglycaemia. Insulin levels at baseline and during clamp did not differ between groups (Table 1) .
Discussion
In this study, we examined the mechanisms of the protective effect of DPP-4 inhibition on insulin-induced hypoglycaemia in mouse models. We found that the DPP-4 inhibitor vildagliptin markedly reduced the glucose requirement to maintain blood glucose at a targeted hypoglycaemic value (2.5 mmol/l) during a hyperinsulinaemic-hypoglycaemic clamp, suggesting a direct, protective effect of DPP-4 inhibition from insulin-induced hypoglycaemia. This finding is in agreement with the hypothesis that DPP-4 inhibition supports the endogenous hypoglycaemic defence as previous studies have shown for vildagliptin given to drug-naive patients [31] or added to insulin therapy in people with type 2 diabetes [32] .
We also showed that the intact bioactive form of GIP, GIP , was significantly increased in the vildagliptin-treated group during clamp, which confirms the findings of a recent human study [21] , but that insulin-induced hypoglycaemia in itself had no effect on intact GIP dynamics in either group. When further examining the nature of the protective effect of this DPP-4 inhibitor, we focused on glucagon since it was increased during clamp after vildagliptin-treatment and since it is a major protective mechanism in the endogenous hypoglycaemic defence [7, 9] . In addition, the importance of glucagon counterregulation is highlighted by the fact that it is disrupted in both type 1 and type 2 diabetes [10] [11] [12] . Therefore, as expected, GCGR −/− mice lacking the glucagon receptor demanded significantly more glucose to maintain steady state hypoglycaemia, as reflected by a higher GIR in these animals. We found that administration of vildagliptin to GCGR −/− mice did not affect the high GIR, thus the protective effect of vildagliptin on hypoglycaemia was ablated by the genetic deletion of the glucagon receptor. The GIR during hypoglycaemia in GCGR −/− animals also remained high during exogenous infusion of GIP, whereas in wt animals GIP infusion protected from insulin-induced hypoglycaemia and this was accompanied by an increased glucagon response in a time-dependent manner. From these results we conclude that both vildagliptin and GIP infusion protect from hypoglycaemia by a glucagon-mediated mechanism. This may suggest that vildagliptin protects from hypoglycaemia by a GIP-glucagon counterregulatory axis, possibly by improving hypoglycaemic responsiveness in the alpha cells through GIP. This finding is in agreement with the our previously presented results that DPP-4 inhibition improves glucose homeostasis primarily by restoring glucose sensitivity in islet cells [33, 34] , as well as the findings of a study in healthy humans where GIP infusion increased hyperglycaemic glucagon counterregulation in a time-and glucosedependent manner [17] . The decreased GIR seen with GIP infusion might reflect increased hepatic glucose production as a result of an accentuated glucagon response and suggests an operative GIP-glucagon axis for protection of hypoglycaemia.
To explore the role of GIP further, we examined GIPR −/− mice. These animals display a rather modest phenotype with normal fasting glucose and only mild glucose intolerance in response to an oral glucose challenge [28] . Furthermore, they do not differ significantly from wt animals in insulin sensitivity or plasma insulin levels [35] . However, the GIPR −/− mice required a much higher glucose infusion to maintain the target 2.5 mmol/l during the hypoglycaemic clamp than control mice, which indeed supports the suggestion that a main function of GIP is to be protective against hypoglycaemia. Alterations in glucagon clearance could theoretically contribute to a counterregulatory response since nutritional state has been shown to affect glucagon clearance in mice [36] ; however, this seems not to be directly affected by low blood glucose during hyperinsulinaemic clamp [37] . However, we cannot exclude a contribution by change in glucagon clearance to the counterregulatory response to hypoglycaemia, and this deserves further study.
DPP-4 inhibition also increases the active circulating levels of another incretin hormone, glucagon-like peptide-1 (GLP-1) [33] , which could theoretically affect the hypoglycaemic glucagon response. However, since two human studies [38, 39] have shown that GLP-1 infusion during hypoglycaemia does not potentiate the glucagon response to hypoglycaemia, and since the GLP-1 receptor agonists liraglutide and albiglutide do not affect glucagon counterregulation [39, 40] , GLP-1 does not appear to be the mediator of t he enhanced counterregulation seen with DPP-4 inhibition. Nevertheless, since there is a quantitative difference in GIR to maintain target glucose during hypoglycaemia between vildagliptin and GIP infusion, and in light of the somewhat contradictory result of one study showing that the GLP-1 receptor agonist exenatide slightly increased glucagon secretion in hypoglycaemia [41] , we cannot exclude protective effects besides the GIP-glucagon axis of DPP-4 inhibition using vildagliptin by other DPP-4 substrates, such a GLP-1; this would need to be explored in further studies.
In conclusion, we have shown that the DPP-4 inhibitor vildagliptin protects mice from insulin-induced hypoglycaemia through a GIP-glucagon counterregulatory axis. Using animals carrying a null-allele for the receptor of GIP or glucagon, we have shown that the lack of receptormediated effect of either hormone attenuates the endogenous hypoglycaemic defence. In addition, we have shown that infusion of GIP directly protects against insulin-induced hypoglycaemia in a GCGR-dependent manner and that this protection is accompanied by increased glucagon secretion in wt mice. Based on these findings, we suggest that increased levels of GIP during treatment with DPP-4 inhibition enhance the glucagon counterregulatory response and that strengthening this GIP-glucagon axis contributes to the low risk of hypoglycaemia associated with DPP-4 inhibitors.
